Cognitive abilities related to the assessment of risk improve survival. While earlier studies have examined the ability of animals to learn to avoid predators, learned parasite avoidance has received little interest. In a series of behavioural trials with the trematode parasite Diplostomum pseudospathaceum, we asked whether sea trout (Salmo trutta trutta) hosts show associative learning in the context of parasitism and if so, whether learning capacity is related to the likelihood of infection mediated through host personality and resistance. We show that animals are capable of learning to avoid visual cues associated with the presence of parasites. However, avoidance behaviour ceased after the likely activation of host resistance following consecutive exposures during learning, suggesting that resistance to infection outweighs avoidance. Further, we found a positive relationship between learning ability and boldness, suggesting a compensation of risky lifestyles through increased investment in cognitive abilities. By contrast, an increased risk of infection due to low resistance was not balanced by learning ability. Instead, these traits were positively related, which may be explained by inherent physiological qualities controlling both traits. Overall, the results demonstrate that parasitism, in addition to other biological interactions such as predation, is an important selective factor in the evolution of animal cognition.
Introduction
Cognitive abilities related to the assessment of the local environment are beneficial for an animal's daily behavioural activities, including foraging, risk avoidance and behaviours related to reproduction [1] . This is because the acquisition, processing, storage and use of information (mechanisms of cognition; [2] ) allow animals to fine-tune and adapt their behaviour to local conditions. For example, resources are often patchily distributed, making it necessary for animals to move between the patches. The ability to learn to recognize cues associated with predators would allow a route to be chosen through space and resource patches with the least likely exposure to predators. Indeed, prey species of a wide range of taxa are capable of learning to associate visual or chemical cues with predators [3] [4] [5] and, for example, several species of fish learn to avoid sites that are perceived as dangerous (reviewed in [6] ).
Next to predation, parasitism represents another significant source of risk to animals. Although not always fatal, parasites can entail significant fitness costs on their hosts that can be functionally equivalent to those of predators, such as loss of reproductive ability [7, 8] . Behavioural avoidance is often an efficient defensive response against parasites [9] and is generally considered energetically less demanding than immunity or tolerance to infection [10] . Animals have been shown to recognize sources of infection, such as parasites themselves, infected conspecifics and parasite vectors using different sensory cues, and to consequently avoid them to reduce the risk of infection (reviewed in [9] [10] [11] ). However, it is often unclear whether this behaviour is innate or learned & 2016 The Author(s) Published by the Royal Society. All rights reserved.
and knowledge on the ability of hosts to learn specific cues associated with infection is scarce [12] . There are only few studies, so far, that describe avoidance of food-associated flavours or odours experienced at the time of a previous infection [13] [14] [15] and a faster initiation of avoidance behaviours at re-exposure or after observing an exposure in conspecifics [16 -18] .
Despite their benefits, cognitive abilities also generate costs related to developing and maintaining the sensory and nervous system [19] , and metabolic resources allocated to the acquisition, processing, storage and use of information [20] . Thus, individuals need to balance cognitive capacity with other life-history traits. Accordingly, resources invested in learned risk avoidance should be modulated in relation to the level of risk. Within populations, for example, variation in infection risk may arise from differences in personality as bold, more explorative and active individuals are expected to experience higher exposure to parasites [21] . Indeed, activity and exploration patterns of Siberian chipmunks Tamias sibiricus predict infection risk with ticks [22] . At the same time, positive associations between learning ability and boldness [23, 24] , as well as learning ability and exploration [25] , would suggest that risky lifestyles can be compensated by increased investment in cognitive skills. Another source of within-population variation in infection risk is variation in resistance [26] . However, whether there is a link between host personality or resistance and the capacity to learn to avoid parasites has not been investigated. Here, we explored these relationships in fish hosts subjected to infection with the trematode Diplostomum pseudospathaceum.
The eye fluke D. pseudospathaceum is a widespread parasitic flatworm that infects three different hosts during its life cycle [27] . Freshwater fish serve as the second intermediate host and are penetrated by free-swimming stages (cercariae) that are concentrated in high numbers in infection hotspots due to locally concentrated first intermediate snail hosts [27, 28] . In fish, the parasite settles in the eye lenses and induces cataracts that impair host vision [29] . Because cataracts negatively affect host feeding and growth [30] and increase the susceptibility of fish to predation [31] , behavioural avoidance of infection hotspots should be strongly favoured by selection. Indeed, rainbow trout (Oncorhynchus mykiss) and sea trout (Salmo trutta trutta) avoid sites containing D. pseudospathaceum cercariae and consequently acquire fewer infections ( [32] ; I Klemme & A Karvonen 2014, unpublished results). However, parasite detection does not operate through chemical cues [33] , but is most likely triggered by tactile stimuli delivered by penetrating cercariae and, therefore, results in a low-level infection [32] . Thus, fish would benefit from recognizing the risk of an infection before the actual contact with the parasite. We conducted a series of behavioural and controlled infection experiments and asked (i) whether sea trout are able to learn to recognize the risk of infection through associated visual cues and, if so, (ii) whether learning ability is related to host personality or resistance.
Material and methods (a) Fish and parasite origin
One-year-old sea trout were obtained from a fish farm in Finland on 2 June 2015 and transferred to Konnevesi Research Station. Ten days before the experiments commenced, on 5 June, 60 individuals were randomly distributed among six groups of 10 fish. All fish were individually marked with visible implant elastomer tags (Northwest Marine Technologies, Shaw Island, Washington) under the mucus layer next to the eyes using light anaesthesia (MS-222, 100 mg l
21
). The groups were maintained in six identical 180 l holding tanks supplied with lake water (178C), among which they were shuffled twice during the experiment. Fish were fed with commercial fish pellets ad libitum.
It should be noted that the river water used in the fish farm contained small numbers of D. pseudospathaceum cercariae. This resulted in a low-level infection in 11/60 fish (18.3%, average parasite load 1.1 + 0.1 (s.e.)) with fully developed metacercariae ( parasite stage in fish host). However, as metacercariae of different age can be separated according to their size [34] , it was possible to differentiate infections of an individual that had taken place at the fish farm and during the experimental exposures (see below). It is also important to note that such low infection intensities of one to two parasites per fish do not affect host vision [35] and that individuals without infections had also likely been exposed at the farm, but infections failed to establish in the lens. Thus, we expected all fish being similarly immunized to the parasite before they entered the experiment, but also included their infection status in the statistical analysis (see below). Infections with macroparasites other than D. pseudospathaceum were unlikely as they are typically prevented by the farm environment due to missing intermediate or final hosts. Microparasite infections were not assessed.
Diplostomum pseudospathaceum cercariae used in the experimental exposures originated from 20 naturally infected Lymnaea stagnalis snails, collected from Lake Konnevesi (Central Finland, 628 N, 258 E) on 25 June 2015. The snails were kept in individual containers with 1 l of lake water and lettuce ad libitum at 48C. To obtain cercariae for the experiments, the snails were transferred individually to 200 ml of lake water (178C). After 3.5 h, the suspensions of all snails were combined and cercarial density in the mixture estimated from ten 1 ml aliquots. Water depth was set to 10 cm and the water (178C) was changed after each trial. Light intensity was set to 800 lx.
First, a fish was placed into the refuge chamber for acclimation. After 5 min, the dividing wall between the refuge chamber and the open space was carefully removed and the fish was allowed to occupy the whole tank for 3 h. Two cameras installed above the tanks recorded fish behaviour and the recordings of each fish were used to determine (i) the latency of the whole fish to leave the refuge, i.e. boldness measured as response to a novel environment, (ii) the number of grid area crosses during 10 min after leaving the refuge, i.e. exploration measured as space use in a novel environment, and (iii) the time spent moving during 15 min at 2.5 h post-release from the refuge, i.e. activity in a familiar environment [36] . After the trials, all fish were identified and returned to their holding tanks.
(c) Avoidance learning
Avoidance learning was tested in repeated two-choice preference assays by recording the choice of fish between two sites, one with and the other without parasites, that were associated with rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161148 different colour signs. The trials were conducted between 9 and 25 July 2015 in 10 identical tanks (120 Â 20 Â 20 cm) made of green opaque plastic and composed of one starting compartment in the middle (28 Â 20 cm), and two larger choice compartments (45 Â 20 cm) on each side (electronic supplementary material, figure S2 ). The three compartments were divided by partitions each fitted with one hole (Ø 5 cm) and sliding doors that could be operated remotely with fishing lines. The tests were performed at 160 lx using four groups of fish from the personality tests (n ¼ 40). The remaining two groups (n ¼ 20) were not exposed to the parasite and served as controls in the subsequent resistance tests (see below). Two days before the tests commenced, all fish were acclimatized to the test tanks. A fish was placed individually into the starting compartment with closed doors. After 10 min the doors were opened, allowing free exploration of the whole tank during the next 50 min. Afterwards, the fish was removed, identified and returned to its holding tank. Before removal, the fish was gently ushered to the starting compartment using a dip net to avoid negative stimuli (removal may resemble a predatory attack) in the choice compartments.
Before the actual tests, the partitions separating the compartments were marked with two square-shaped pieces of coloured laminated paper (6 Â 6 cm) inside the middle compartment on the left and right side of each hole (electronic supplementary material, figure S3 ). Each tank was displaying red signs on one partition and yellow signs on the other partition. For half of the fish individuals, the hole marked with red signs led to the compartment containing parasites and the hole marked with yellow signs led to the compartment without parasites, while this was reversed for the other half of the individuals. The colour signs remained the same for each individual throughout the experiment, but the position of the signs in the tank was randomized, with the restriction that the same colour was never presented more than three consecutive times on the same side. Parasites were added by pipetting a solution containing an estimated number of 1800 cercariae evenly into the last two-thirds (i.e. not directly in front of the hole) of the designated compartment (P) immediately before the test. A similar volume of water without parasites was pipetted into the other compartment (C). The cercariae move primarily vertically in the water body [37] , and water samples taken after the tests of an earlier study using the same tanks and set-up verified that the parasites remained well within the P compartment during the test (I. Klemme & A. Karvonen 2014, unpublished results).
The tests were conducted every second day for eight times in randomized order. They followed the procedure of the acclimatization (see above) except that the fish were removed from the tanks 15 min after the doors had been opened. Video recordings were used to determine for each fish the first-choice compartment and the total time spent in P and C compartments during the test. All individuals left the starting compartment within 5 min ( x + s:e:, 71.3 + 5.8 s). The observer was blind to the treatment applied to each compartment.
(d) Resistance to infection
Resistance of the fish against the infection was determined as parasite load following an experimental exposure in a confined space that did not allow any evasive avoidance behaviour. Eight days after the last avoidance learning test, on 2 August, all 60 individuals (the 40 fish from the avoidance trials and the remaining 20 controls) were placed individually in containers with 2 l of water (178C) and exposed to an estimated number of 400 cercariae for 30 min. Parasite infection success was determined by euthanizing all fish with an overdose of MS-222 48 h after the exposure, and dissecting their eye lenses. Infections that had taken place at the farm, during the avoidance learning
(e) Data analysis
Six fish died between the first and second personality test, but were immediately replaced. One fish died between the last conditioning test and the resistance tests and was not replaced. Consequently, we report personality data for n ¼ 54 individuals, avoidance learning data for n ¼ 40 individuals and resistance data for n ¼ 59 individuals.
Personality data were square-root transformed for normality and their repeatability was analysed as intraclass correlation coefficient (ICC) in SPSS (IBM Statistics v. 22). All other statistics were analysed using SAS (v. 9.4). Behavioural data from the avoidance learning tests were analysed two ways. First, the first-choice compartment and the time spent in the choice compartments were compared between all eight tests using repeated generalized linear mixed models (GLMM). First choice ¼ C compartment (yes/no) was entered as a dependent variable (binary error structure), test (1 -8) as a fixed factor and fish ID as a random factor to account for repeated tests. Similarly, time spent in the choice compartments (i.e. two values per test for each individual) was entered as a dependent variable, treatment applied to the compartments (P and C) and an interaction between treatment and test (1-8) as fixed factors, and fish ID nested within test nested within group as a random factor. Second, the effects of boldness (exploration and activity were not repeatable, see results) and resistance on the accuracy of choice, and on the time spent in the P compartment were explored using generalized linear models (GLM) with binary and negative binomial error structure, respectively. Accuracy of choice was determined as the number of times the C compartment was chosen first during tests 2 -8 (accurate choice based on learning was not possible during the first test), while time spent in P was calculated as average across all tests 1 -8. In addition to boldness and resistance, farm infection (yes/no) and fish condition (residuals from regression of length and mass) were also included as explaining factors. The factors were not significantly related to each other (boldness Â resistance r S ¼ 20.244, p ¼ 0.134, boldness Â condition r S ¼ 20.019, p ¼ 0.909 and resistance Â condition r S ¼ 20.010, p ¼ 0.951). Finally, parasite load acquired during the avoidance learning test was analysed using a GLM with negative binomial error structure, including farm infection (yes/no) as factor and condition as well as the average time spent in the P compartment over all eight tests as covariates. For individuals used in the avoidance learning tests, the effects on parasite load acquired during the subsequent resistance test were explored with a GLM with binary error structure (infected yes/no as 93% of all individuals had acquired either 0 or 1 parasite) and farm infection (yes/no) as factor and condition as well as parasite load acquired during the avoidance tests as covariates.
(f ) Ethical note
Experimental infections described in this study used the trematode Diplostomum pseudospathaceum, which is one of the most common parasites of freshwater fishes with reported occurrence in over 100 fish species [27] . Exposure levels were chosen so that they would result in infection levels corresponding to natural infection intensities. Parasite load at the end of the study varied between 0 and 24 parasites per fish, while infection intensities in wild fish populations typically range between 0 and 40 (e.g. [38] ), and can go up to several hundred (e.g. [39] ). No mortality of fish was observed during or directly after the exposures and all infected fish appeared healthy. Seven out of 60 fish died during maintenance for an unknown reason, but no disease rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161148 symptoms were detected. All fish were euthanized in the end of the experiment with an overdose of MS-222, a commonly used fish anaesthetic. All Lymnaea stagnalis snails were returned to their site of capture.
Results (a) Personality
Boldness, measured as the inverse latency to leave the refuge, was significantly repeatable (n ¼ 54, ICC ¼ 0.60, p , 0.001). However, no such correlation was observed for exploration and activity (ICC ¼ 0.08, p ¼ 0.281 and ICC ¼ 0.15, p ¼ 0.146, respectively). This indicates that individual differences in behaviour were consistent only for boldness and thus only this personality variable is used in the subsequent analyses as mean value over both tests. Individuals that carried infections from the fish farm did not differ in boldness from uninfected individuals (t 52 ¼ 0.566, p ¼ 0.574).
(b) Avoidance learning
Overall, the proportion of individuals entering the C compartment first did not differ among the eight tests (GLMM, n ¼ 40, F 7,312 ¼ 0.93, p ¼ 0.481). However, the proportion increased during the first tests and deviated significantly from 0.5 at test day 4 (binomial test, p ¼ 0.038, all other days p . 0.153, figure 1 ). The number of accurate choices during the tests 2-8 was significantly affected by boldness (GLM, n ¼ 38, 
Discussion
Associative learning, i.e. a behavioural change based on associations of stimuli, has been demonstrated for a range of taxa in the context of predator avoidance [3, 40] . By contrast, learning of avoidance through cues associated with the risk of parasitism has received little interest. This study provides rare evidence for learned parasite avoidance by demonstrating that animals can learn to associate visual signals with infection risk. In repeated two-choice preference assays with colour signals, the proportion of individuals avoiding the risky site (accurate first choice) increased after the second test and was significantly different from random by the fourth test. This suggests that under natural conditions hosts may be able to use visual cues, such as the colour and/ or shape of intermediate hosts or transmission vectors, or their associated habitat features, as well as visual cues indicating infection in conspecifics, to learn about parasitism risk. Our finding adds to previous studies demonstrating conditioned food aversion following an association of flavours or odours and parasites [13] [14] [15] . Despite the fact that sea trout showed learned discrimination between the safe and risky sites, they still occasionally visited the sites of high infection risk. Moreover, while the time spent in the parasite compartments was significantly lower compared with control compartments during the first four tests, it did not decrease from the first to the fourth test, suggesting no adjustment of behaviour with experience. This is surprising, but may be explained by requirements of the fish, other than parasite avoidance, that are essential for their survival. For example, exploration behaviour needed in locating suitable food items and assessing other sources of risk may result in time spent also in areas that contain parasites, particularly, if the level of exposure is not lethal. A recent study on tadpoles demonstrated that parasite avoidance can be governed by trade-offs between the avoidance of different threats depending on their lethality: while foraging in areas with parasite cues was avoided if the alternative was a threat-free area, it was preferred over foraging in areas with predator cues [41] .
Interestingly, there was a clear shift in host behaviour after the fourth test as the first choice of compartment became random and also the time spent in the parasite compartment was no longer different from that spent in the parasite-free compartment. During the first tests, the fish individuals acquired some infections and previous studies have shown that parasitic infections can impair host cognitive functions (e.g. [42, 43] ). However, although we did not measure specific immunological parameters, we believe that this change in behaviour coincided with the activation of the host immune system. Several of our results support this conclusion. First, fish that were exposed during the avoidance learning tests were significantly less susceptible to controlled infections than the control fish, suggesting activation of resistance during the consecutive exposures. Second, although not quantified in detail, it was noted during the dissections that the development of most metacercariae originating from the learning tests was already advanced, suggesting that they had been acquired during the first few tests rather than the most recent ones. Third, there was a positive relationship between parasite load acquired during the learning tests and the average time spent in parasite compartments during the first four tests, but no longer during the last four tests, which also suggests that most infections took place during the first tests. It is possible, if not likely, that these infections stimulated the immune system and activated unspecific or acquired responses. It is well described that fish acquire partial immunity to D. pseudospathaceum within four to six weeks from the first exposure [27, 44] . Presumably, most individuals used in this study had already been immunized at the fish farm from the exposure and infections they had acquired during the previous summer (see above). This is supported by the non-significant effects of the farm infections in all statistical analyses and the fact that there were no individuals with very high parasite numbers during the test which would have indicated lack of immunity. However, as D. pseudospathaceum infections occur only during the warm summer months [27, 45] , and keeping effective acquired immunity may carry costs due to immunopathology [46] , immunity may wane after the summer and quickly reactivate after a new infection in the next summer. This is likely to be the case in our fish and if so, our result suggests that immunological resistance is favoured over infection avoidance, even though it is generally considered to be more costly [10] . Again, there may be other selective pressures, such as foraging, that cause trade-offs between parasite avoidance and resistance. For example, in this system, exposure hot spots are mainly concentrated in shallow water habitats [27] , which also typically represent the habitats for foraging and predator avoidance of small fish. Further, if the risk of repeated exposures is high, as in the present system [47, 48] , it may be beneficial to emphasize immunological defences once they are available. Thus, overall, the result suggests that host defence strategies can change with time, resulting in a plastic use of cognitive skills. This further indicates that the capability of learning can be masked by other mechanisms.
Regardless of possible plasticity, associative learning skills also varied among individuals throughout the test series with the average accuracy of choice being positively associated with boldness. Assuming that higher accuracy is 600 *** *** *** *** P C 500 rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161148 related to improved parasite avoidance, our results suggest that bold individuals with a risky lifestyle may compensate the increased risk of infection [21] with increased investment in cognitive skills. There has been a recent surge of interest in individual variation in cognition [49 -51] , but the processes that shape this variation often remain unknown. Some studies have shown clear trade-offs between cognitive abilities and fitness [52, 53] , suggesting that selection can generate variation under different environmental conditions. Our study shows that relationships with personality traits can also generate individual differences in cognitive abilities if these traits affect the probability of infection. Alternatively, personality can also be related to individual differences in responsiveness to stress [54, 55] , and stress can impair cognitive abilities [56] . When bold individuals are less prone to stress than shy individuals [57] , they may also make more accurate decisions in repeated behavioural tests if these are perceived as stressful. Accuracy in choice tests was also positively related to host resistance. This is in contrast with our predictions as it suggests that investment in cognitive abilities is not upregulated in individuals with low resistance, but that individuals with greater resources available for resistance also have more resources for cognitive skills. Generally, a trade-off between learning and immunity has often been observed in experiments exposing hosts to immune challenges or infections before or after undertaking different types of learning tasks [43, [58] [59] [60] [61] [62] . Here, the hosts were exposed to the parasite before, during and after the learning tasks, which may make the associations more complex. Further, inherent quality differences among individuals that arise, for example, from variation in resource acquisition or metabolic efficiency, can lead to positive correlations between life-history traits [63] . Although neither the accuracy of choice nor resistance were related to host condition, individuals may exhibit genetic differences in physiological qualities that were not considered here.
Compared with immunological defences, knowledge on behavioural defences against parasites is scarce [10, 11] and the role of host learning in parasite avoidance is poorly understood [12] . We show that animals are capable of learning to avoid visual cues associated with parasites and this is related to host personality and resistance. Thus, parasitism can be an important selective factor in the evolution of animal cognition. However, we also show that cognitive skills related to parasite avoidance become less important and masked when other defensive mechanisms are activated. Together, these results suggest that studies on learned risk avoidance should also consider biological interactions other than predation, and take the level of risk as well as alternative defences into account. 5061/dryad.26p87 [64] .
